| INTRODUCTION
Adult stem cells persist throughout the entire lifespan of an organism to repair tissue damage and maintain tissue homeostasis. Among their evolved adaptations are elaborate cellular protective programs that ensure stem cell integrity, tissue homeostasis, and organismal survival (Biteau, Hochmuth & Jasper, 2008; Brown et al., 2013; Ito et al., 2004; Rando, 2006; Renault et al., 2009; Rossi, Jamieson & Weissman, 2008; Rossi et al., 2007; Sahin & Depinho, 2010; Sperka, Wang & Rudolph, 2012; Walter et al., 2015) . The mitochondrial unfolded protein response (UPR mt ), a cellular protective program that ensures proteostasis in the mitochondria, has recently emerged as a regulatory mechanism for adult stem cell maintenance that is conserved across tissues (Berger et al., 2016; Mohrin et al., 2015; Zhang et al., 2016) . This protective program is dysregulated during physiological aging, contributing to the functional deterioration of stem cells, tissue degeneration, and shortened organismal lifespan (Mohrin et al., 2015; Zhang et al., 2016) . In addition to the UPR mt , deregulation of compensatory mitochondrial protective programs such as mitophagy and mitochondrial dynamics leads to compromised stem cells, further underscoring the importance of mitochondrial integrity in stem cell maintenance (Ho et al., 2017; Ito et al., 2016; Luchsinger, de Almeida, Corrigan, Mumau & Snoeck, 2016; Vannini et al., 2016) .
Despite the emerging genetic evidence implicating the UPR mt in stem cell maintenance, the underlying molecular mechanism is unknown. The UPR mt is a nascent cellular pathway that is activated when cells experience mitochondrial protein folding stress and retrograde signaling from the mitochondria to the nucleus triggers transcriptional activation of nuclear-encoded mitochondrial chaperones and proteases as well as repression of translation to reestablish proteostasis (Haynes, Fiorese & Lin, 2013; Haynes & Ron, 2010; Mohrin et al., 2015; Munch & Harper, 2016; Zhao et al., 2002) . Primarily characterized in C. elegans, the UPR mt is activated during a developmental stage when there is a burst of mitochondrial biogenesis (Houtkooper et al., 2013; Lin et al., 2016; Merkwirth et al., 2016; Nargund, Pellegrino, Fiorese, Baker & Haynes, 2012; Pellegrino et al., 2014; Tian et al., 2016) . It is therefore speculated that in stem cells, the UPR mt is activated under a physiological condition when mitochondrial biogenesis is induced. Adult stem cells frequently exit the cell cycle and are predominantly found in the quiescent (G0) state, where the number of mitochondria is low and glycolysis is the primary metabolic pathway to support energy production (Folmes, Dzeja, Nelson & Terzic, 2012; Takubo et al., 2013; Warr & Passegue, 2013; Yu et al., 2013) . As stem cells transit from quiescence to proliferation, mitochondrial biogenesis is induced to enable metabolic reprogramming from glycolysis to oxidative phosphorylation to meet increasing energy demands. Because a major event during the transition from quiescence to proliferation is mitochondrial biogenesis, it raises the possibility that the UPR mt is activated during this transition. However, the direct evidence is lacking. In this study, we devised three experimental approaches that enable us to monitor quiescent and proliferating stem cells and directly test this hypothesis.
We tested this hypothesis in hematopoietic stem cells (HSCs), immunophenotypically defined as Lin depletion of the stem cell pool (Cheung & Rando, 2013) . Consistent with the activation of the UPR mt at the transition from quiescence to proliferation, dysregulation of the UPR mt results in stem cell death, a reduced stem cell pool, and compromised stem cell selfrenewal (Berger et al., 2016; Mohrin et al., 2015; Zhang et al., 2016) . Among the induction of the UPR mt is increased expression of SIRT7 (Figure 2i ), which alleviates mitochondrial protein folding stress by repressing NRF1 activity and mitochondrial translation, reduces mitochondrial activity and proliferation, and gives cells more time to recover from stress (Mohrin et al., 2015) . Failure to do so leads to HSC death. With aging, SIRT7 becomes inactivated, resulting in increased mitochondrial protein folding stress and functional decline (Mohrin et al., 2015) . Identifying molecular regulators of the UPR mt in stem cells opens the door for novel therapeutic opportunities for improving stem cell maintenance, enhancing tissue regeneration, and extending lifespan and healthspan.
2 | EXPERIMEN TAL PROCED URES 2.1 | Mice C57BL/6 mice were housed on a 12:12 hr light:dark cycle at 25°C.
All animal procedures were in accordance with the animal care committee at the University of California, Berkeley. Table S1 .
To stimulate HSCs to exit quiescence, freshly isolated HSCs 24 hr prior to analysis.
| mRNA analysis
RNA was isolated from cells using TRIzol reagent (Invitrogen). cDNA was generated using qScript TM cDNA SuperMix (Quanta Biosciences).
Gene expression was determined by real-time PCR using Eva qPCR SuperMix Kit (BioChain Institute) on an ABI StepOnePlus system. All data were normalized to b-actin expression. PCR primer details are provided in Table S2 .
| mtDNA/nDNA
The mitochondrial DNA/nuclear DNA (mtDNA/nDNA) ratio was determined by isolating DNA from cells with TRIzol (Invitrogen), as described previously (Lai et al., 2008) . The ratio of mtDNA/nDNA was calculated as previously described (Venegas et al., 2011) . 
| Statistical analysis

